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Introduction
Bacterial spores (endospores) are among the most resistant forms of living organisms surviving and persisting in food processing and long-term storage (Carlin, 2011) , being generally much more resistant to preservative agents, heat, ultraviolet light and ionizing radiation, than the vegetative cells (McDonnell and Russell, 1999; Setlow, 2000 Setlow, , 2006 . The sources of endospores are widely spread in the food chain, including soil, feces, animal feeds, food ingredients and processing steps (Carlin, 2011) . Germinating spores give rise to vegetative cells that can multiply rapidly giving rise to outgrowths under a wide range of temperature, pH, and water activity. Hence, a high number of endospores in foods is a potential hazard even in the case of cooked food (Fichtel et al., 2008) .
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teins. Soybean glycinin and its basic subunit (BS) possess both net positive charges, in addition to a hydrophobic nature, which enables them to interact with the surface of bacterial membranes (Kuipers and Gruppen, 2008) . Glycinin has a molecular mass of 350 kDa and is composed of 5 subunits, each of which consists of an acidic polypeptide (37-42 kDa) and a basic polypeptide (20 kDa), linked together by a disulfide bond (Nielsen, 1985) . Glycinin has both a cationic and hydrophobic nature (Kuipers and Gruppen, 2008) and is more basic than the parent soy protein. Furthermore, the basic subunits of glycinin are more cationic than glycinin itself and thus may be more powerful to vigorously interact with the bacterial cell walls and thereby disrupt their integrity (Dhatwalia et al., 2009 ). Glycinin and BS were previously proven to be effective against bacterial vegetative cells (Sitohy et al., 2012) due to their particular chemical composition, but have never been evaluated against spore germination before. The potential impeding action of glycinin and BS on spore germination has been explored through following spore hemolytic activity, germinating spore leakage, germination in vitro or in milk, and phase contrast light microscopy and transmission electron microscopy. An improved understanding of the mechanisms of inactivating spore germination, and the possibility to calculate the desired impeding levels, will help introduce a new technology aimed at impeding, or limiting, food spoilage by bacterial spores.
Materials and Methods
Bacterial cultures. B. licheniformis (hemolytic) and B. subtilis (non-hemolytic) strains were obtained from the Agricultural Microbiology Department, Faculty of Agriculture, Zagazig University, Egypt. These strains were identified by the Microbiology Center at Ain Shams University, Cairo, Egypt. Spore preparation and analysis. Spores were prepared from the two bacterial strains (B. licheniformis and B. subtilis) by the method of Nicholson and Setlow (1990) . The bacterial strains were cultured in nutrient broth for 24 h at 30°C under continuous shaking (150 rpm). An aliquot (100 µl) of the stationary phase cultures was surface-plated on a sporulation medium (nutrient agar, 1 mg/ l vit B12, 8 mg/l MnSO 4 H 2 O and 1 g/l CaC1 2 H 2 O) and incubated for 7 days at 35°C. Growths on each plate were checked for sporulation using a light microscope, until attaining ca. 99% sporulation. The spores were harvested by scraping with a sterile microscope glass slide and sterile distilled water, isolated by centrifugation (4,000 × g, 5°C, 30 min) using a JOUAN MR 1822 centrifuge (France) and washed with sterile distilled water three times. The isolated spores were re-suspended in sterile saline water (NaCl 0.85% w/v). The final suspension was transferred to a 125-ml Erlenmeyer flask, immersed in an 80 ± 2°C water bath for 15 min then transferred immediately to an ice water bath. The spores were re-isolated again as previously described. Spore preparation was microscopically quantified with a Petroff-Hausser counting chamber and checked before each use for the absence of germinating spores. The viability of the spores was verified after serial dilution in sterile peptone saline water (0.1%, pH 7.2) and counted immediately using surface-plating procedure. The plates were incubated at 35°C for 72 h until the visual appearance of colonies. The cleaned spore suspensions containing approximately 2 × 10 8 spores/ml were stored at 4°C until use. Hemolytic assay. The hemolytic activity of the potential emergent vegetative cells of the two studied strains were bioassayed on sheep and human blood-brain heart infusion media (Difco Laboratories, Detroit, Mich.) for 48 h at 35°C. This activity was also assessed after different treatments (glycinin, BS or total soy protein at 100 µg/ ml) as incubated at 35°C for 24 h before inoculating 10 µl of the resulting suspension onto blood agar media and further incubating at 35°C for 5 days. Control was similarly conducted after replacing glycinin and BS by an equivalent volume of sterilized water. Preparation of soy Glycinin and BS. Soybean (Glycine max L.) seeds purchased from a local market, Zagazig city, Egypt, were ground to pass through a 1-mm 2 sieve, and defatted using a mixed solvent of chloroform : methanol (3:1; v/v). Soy protein isolate and glycinin subunits were extracted from the defatted flour according to the procedures outlined in Johnson and Brekke (1983) and Nagano et al. (1992) , respectively. The basic subunit (BS) was separated from a glycinin subunit according to the method of Damodaran and Kinsella (1982) . Leakage assay. The spores of B. subtilis and B. licheniformis (2 × 10 8 spore/ml) were combined with glycinin, BS or penicillin at different concentrations (100, 200, 300 and 400 µg/ml) before incubating at 35°C for 2 h. The concentration of the UV-absorbing material (OD 260 ) released from treated germinating spores was measured using a JENWAY 6405 UK spectrophotometer, according to Zhou et al. (2008) , and taken as an index of germinating spore leakage. Negative control was similarly prepared, but without treatments. Standard autoclave treatments were applied on the two bacterial spores (121°C for 15 min.) to serve as positive controls. A blank was made using the same used protein solution without spores and subtracted from the experimental values. After different treatments, all samples were centrifuged at 10000 × g, 4°C, for 15 min and the supernatant absorbance was measured at OD 260 . To follow the time course of the germinating spore leakage, glycinin, BS and penicillin (100 µg/ml) were similarly added to the spore suspension in fresh medium of Mueller Hinton Broth (MHB) (2 × 10 8 spore/ml) and incubated at 35°C for different intervals (0, 1, 2, 3 and 4 h) before measuring the OD 260 absorbance. All the treatments were carried out in triplicate. Spore immediate and longstanding germination and vegetation. For following immediate spore germination, an aliquot (0.1 ml) of spore suspensions (2 × 10 8 spore/ml) was inoculated into 10 ml of fresh medium of Mueller Hinton Broth (MHB) containing 100 µg/ml of glycinin or BS then incubated at 35°C for 96 h. The negative control was prepared similarly, but without any additions of glycinin or BS. All the treatments were done in triplicate. A similar experiment was conducted except that glycinin and BS-treated spores were subjected to heat pretreatments (70°C/30 min or 80°C/30 min) before incubating at 35°C of the resin to form specimen blocks was performed in an oven at 60°C for 72 h. The specimen blocks were handtrimmed with a razor blade and sectioned with a diamond knife in a Reichert Ultracut R ultramicrotome (Leica, Wetzler, Germany). Thin sections (70-80 nm) were placed on 300 mesh copper grids and stained for 15-20 min in uranyl: ethyl alcohol (1:1), before washing three times with saline solution for 2 min. They were then incubated in a drop of Reynold's lead citrate and examined using a Transmission Electron Microscope (JEOL-TME-2100F, Japan). Germination of Bacillus spores in thermized milk during storage at 4°C. Bovine raw milk (1.5 l) immediately obtained after milking was maintained for 1 h at 4°C before receiving heat treatments at 65 or 80°C for 5 min. The heat-treated milk was divided into 15 portions (100 ml), and distributed into three groups of five sterile screw capped bottles. The first group was not further treated and served as a control. The second and third groups received glycinin and basic subunit (BS) (0.5%, w/v, equivalent to 5 mg/ml). All bottles were equally inoculated with 0.1 ml of B. subtilis spore, such that the final count of each became ca. 2.5 log CFU/ml. All bottles were kept at 4°C for 50 days during which samples were withdrawn under aseptic conditions for the microbiological assay. At the end of the storage periods, milk samples were heated at 80°C for 15 min to eliminate vegetative cells as well as germinating spores and then plated on plate count agar, incubated for 24 h at 30°C, and the emergent germinated cells were counted. Statistical analysis. All biological trials and measurements were conducted in triplicate and expressed as the mean plus the standard error. ANOVA variance analysis was used for the statistical analysis of data using the general linear models (GLM) procedure of the SAS software (version 9.1, SAS Institute, Inc., 2003). Least significant differences were used to compare means at p < 0.05.
Results

Bacterial hemolytic activity
Incubating blood agar plates inoculated with the spores of B. subtilis at 35°C for 5 days did not produce any clear zones, indicating their lack of hemolytic activity. On the other hand, inoculating blood agar plates with the spores of B. licheniformis strain and incubating under the same previous conditions for 5 days resulted in clear zones, apparently due to their transformation into vegetative cells exerting hemolytic activity (Table 1) . Pre-treating these Table 1 . Hemolytic activity (1-5 days) associated with spore germination of B. subtilis and B. licheniformis as affected by soy protein fractions; total (SP), glycinin (11S) and basic subunit (BS).
for 96 h. Spore germination was estimated by measuring the turbidity at OD 600 at different intervals; 0, 12, 24, 48, 72 and 96 h. For longstanding germination (9 days), the tested agents (glycinin, BS and penicillin) were added to the spore suspensions (2 × 10 8 spore/ml in saline solution) at 200 µg/ ml and initially incubated at 35°C for 2 h. The negative control was similarly prepared, but without any additions of the tested agents. Standard autoclave treatments (121°C for 15 min) of the two spores were conducted to serve as positive controls. Aliquots (0.1 ml) of the whole mixtures were directly inoculated in fresh MHB and incubated at 35°C for 9 days. The OD 600 of the cultures and the bacterial count was measured at different intervals; 1, 2, 4, 7 and 9 days and taken as an index of germination and vegetation. All the treatments were carried out in triplicate.
Other portions (0.1 ml) of the previous mixtures were centrifuged at 10000 × g for 15 min and the separated pellets were washed three times with sterile distilled water to remove the added glycinin or BS, then inoculated in fresh MHB and treated as above for following the spore germination. Phase contrast light microscopy. The spores of B. licheniformis were suspended in saline solution (2 × 10 8 spore/mL), and BS (100 µg/ml) was added before being incubated at 35°C for 2 h. The control was prepared similarly, but without any additions. Spore samples were examined using a Docuval phase-contrast microscope (Carl Zeiss, Jena, Germany) equipped with a digital Canon A95 camera. Transmission electron microscopy. BS (100 µg/ml) was added to the spore suspension of B. licheniformis in saline solution (2 × 10 8 spore/ml) and incubated at 35°C for 2 h with continuous shaking. The control was prepared similarly, but without BS. The suspension was centrifuged at 10000 × g for 10 min at 4°C and the pellets were fixed in glutaraldehyde (2.5% in 0.1 M phosphate buffer, pH 7.4) for 1 h, rinsed three times for 10 min with 0.1 M phosphate buffer (pH 7.4) and post-fixed with 1% osmium tetraoxide for 2 h at 4°C. After fixation, bacterial spores were rinsed three times for 10 min with 0.1 M phosphate buffer (pH 7.4) and then dehydrated sequentially using 30%, 50%, 70% and 95% acetone for 15 min each. Next, the cells were dehydrated three times for 30 min with 100% acetone. Subsequently, cells were treated with propylene oxide twice for 10 min at 4°C and sequentially infiltrated with a mixture of propylene oxide: Durcupan's ACM epoxy resin (3:1, 1:1 and 1:3) for 45 min. Polymerization spores with 100 µg/ml of total soy protein (SP) did not prevent the occurrence of hemolytic zones on the blood agar combined with visible vegetative bacterial growth similar to control after incubation at 35°C for 5 days, indicating evident hemolytic activity. Under the same conditions, pre-treating the spores with glycinin or BS (100 µg/ml) totally prevented the appearance of any hemolytic zones or cellular growth on the blood agar referring to their suppressive action on spore germination (Table 1) .
Leakage action
The results in Fig. 1 illustrate the influence of different concentrations of soybean glycinin and its basic subunit (BS) on the leakage of UV-absorbing materials from the germinating spores of B. subtilis and B. licheniformis grown in MHB as compared to penicillin and autoclave treatments. Glycinin and BS showed a concentration dependent leakage effect on the initially germinating spores of the two studied species as measured by the released UV-absorbing materials. Incubating the spores of B. subtilis for 2 h at 35°C with glycinin and BS (100 µg/ml) resulted in a leakage of A 260 absorbing materials from the germinating spores amounting to 70 and 73%, respectively, as compared to the autoclave treatment, respectively while the corresponding penicillin treatment achieved only 24%. When raising the concentration up to 400 µg/ml, the leakage extent from the initially germinating spores was increased to 83 and 88% in case of glycinin and BS, respectively compared to 64% in the case of penicillin.
The time course of the leakage action indicates quicker actions in the case of glycinin and BS (100 µg/ml) than in the case of penicillin on the studied bacterial spores (Fig.  1-II) . The maximum release of the UV-absorbing materials from the two bacterial spores was recorded after 120 min of treatment with glycinin or BS (100 µg/ml) against more than 240 min in the case of penicillin (100 µg/ml). When treating the germinating spores of B. licheniformis and B. subtilis with either glycinin or BS, a 50% release of UV absorbing occurred after 45 and 55 min against 145 and 150 min. in the case of penicillin, respectively.
Immediate effect of glycinin and BS on spore germination and vegetation
Spore germination was determined after dispersing the bacterial spores in Mueller Hinton Broth containing 100 µg/ml of either glycinin or BS and incubating at 35°C for 96 h with continuous shaking, as compared to controls (without adding glycinin or BS) either after heat pretreatment (70 or 80°C/30 min) or without. Spore germination was estimated by the extent of the resulting vegetative cells as deduced from the value of turbidity at OD 600 during the incubation period (Fig. 2) . It can be evidently observed that glycinin and BS, applied at 100 µg/ml, impeded nearly all spore germination or vegetation of the two studied Bacillus species during 96 h incubation at 35°C without applying any heat pretreatment (Fig. 2-I) . No visible distinction could be noticed between the actions of glycinin and BS. The final growth extent of the vegetative cells was very slight and insignificant (p < 0.05) after 96-h incubation at 35°C in the case of glycinin and BS-treated spores, indicating a blocking action during the germination and the subsequent vegetation.
Coupling the addition of glycinin and BS with heat pretreatments (70°C/30 min or 80°C/30 min) did not further promote their immediate impeding action on the fi- nal vegetative growth (Figs. 2-II and III) which has nearly reached its maximum in the absence of heat pretreatment. It is evident that maximum spore germination in the controls (I: without substance or heat treatment) was attained after 24-48 h of incubation at 35°C. Applying heat treatment to the spore mixtures without substance treatments (70°C/30 min or 80°C/30 min) induced some reduction of spore germination at the early stage (12-24 h) of incubation at 35°C; i.e. control II and III as compared to control I (without heat treatment). However, when prolonging the incubation time up to 48-96 h, the final yield of vegetative cells in the heated controls (II and III) reached the level of the non-heated control (I).
Longstanding effect of glycinin and BS on spore germination at 35°C
Bacillus spores were treated with glycinin or BS (100 µg/ml) in NaCl saline (0.85% w/v) at 35°C for 2 h. Aliquots of the whole mixtures (i.e. including the added glycinin and BS) were either directly inoculated into fresh MHB or after removing the glycinin and BS by centrifugation and adding only the pellets (free from glycinin and BS) into MHB. Both treatments were further incubated at 35°C for 9 days to follow the action of the whole mixture, or action produced on the spore cells (pellets) during the first two hours of contact between the substance and the spores. Spore germination was followed in Mueller Hinton Broth medium during 9 days of storage at 35°C (Fig. 3) . Negative control was similarly treated in NaCl saline and then in Mueller Hinton Broth medium without applying the tested glycinin and BS. Equivalent spores were subjected to an autoclave treatment (121°C/15 min) and considered as the positive control supposed to inactivate 100% of the spores. The negative control (untreated spores) germinated gradually to give maximum vegetative growth after 2 days. Glycinin or BS (100 µg/ml) treated spores of B. subtilis were almost unable to germinate after 4 days of incubation at 35°C, manifesting very little germination extent, i.e. ca. 0.6-1.4% of the corresponding control. After 7-9 days of incubation at 35°C, the germination extent under the same treatments (glycinin and BS) remained at 13-17% of the corresponding control, respectively. Nearly similar results were produced by glycinin and BS on B. licheniformis. On the other hand, the autoclave treatment did not produce any germination at all over the entire 9 day incubation period, while penicillin-treated spores of B. subtilis manifested vegetative growth equivalent to more than 36% of the control; i.e. about 3 times the germination observed with the protein treatments.
Structural and morphological changes
The endospores of B. licheniformis were readily recognized under phase-contrast microscopy by their phase bright appearance (Fig. 4, image A1 ) while the BS-treated spores appeared as dim particles lacking distinct constitution (image A2) probably referring to their adhesion and interactions with BS.
The spores of B. licheniformis were further examined by a Transmission Electron Microscope (TEM) technique (Fig. 4 images B-C) . Visualizing individual spores (image B) showed a normal structure of the control (B1), consisting of three noticeable layers around the core, i.e.; cortex, coats and the surface of the layer. The spore core appeared as a centralized dense structure of approximately 500 nm in diameter surrounded by the cortex without indication of exosporium in accordance with Kim et al. (2009) and Faille et al. (2010) . On the other hand, the individual BS-treated spore (B2) was characterized by the disappearance of some layers, and some microstructures as well as the appearance of torn portions of the outside layer. The size of the treated spore was nearly 1.6 times longer than the untreated spore. Likewise, the size of the core of the treated spore was about 1.5 times greater than the normal. The larger size of the treated spore is probably due to the increased penetration and the entrance of liquid inside the treated spore. Some torn structures can also be visualized (images C1-C2) showing different signs of structural changes or breakdown which may refer to broken emergent BS-affected vegetative cells.
Germination of B. subtilis spores in stored milk
Bovine milk inoculated with 2.5 log CFU ml -1 of B. subtilis spores was supplemented with 0.5% glycinin or BS before being subjected to different heat treatments (65°C/5 min and 80°C/5 min) as compared to the control (C). The germination of the inoculated spores was followed in milk during 50 days of storage at 4°C as manifested by spore germination and the final multiplied quantity of vegetative cells (Fig. 5) . The spores in the control sample were highly viable since the titer of the germinated spores reached a maximum of about log 8 CFU ml -1 after 20-25 days of storage at 4°C in the milk which received two heat pretreatments (65°C/5 min and 80°C/5 min), respectively. Conversely, the milk samples which received the same two heat pretreatments, in addition to supplementation with 100 µg/ml glycinin or BS, maintained the minimum of the titers of the germinated spores, i.e. around log 3.2-3.8 and 1.6-2.4 CFU ml -1 , respectively after 50 days of storage at 4°C. It can be concluded that the two substances indicated impeding actions on the spore's germination. Adding glycinin or BS to the milk preheated at 65°C/5 min maintained the final vegetative cell counts down to about 48 and 40% of the corresponding control, respectively, after 25-50 days of storage at 4°C. Furthermore, adding the two substances to the milk preheated at 80°C/ 5 min kept the log of the final vegetative cell counts down to about 30 and 20% of the control, respectively, after 25-50 days of storage at 4°C. The treatment-associated reduction of the vegetative cell counts amount to 4-4.5 logs in the first case (65°C/5 min) and 5-6 log in the second case (80°C/5 min).
Discussion
The anti-hemolytic action of glycinin or BS against the spores of the hemolytic strain (B. licheniformis) may have occurred through their adhesion on the negatively-charged spore out-surfaces (Chen et al., 2010) impeding their germination and, thus, their hemolytic activity. Both glycinin and BS have positive charges based on their relatively higher iso-electric points (ca. 6 and 8, respectively), as compared to 4.5 for the total soy protein, which has a rather negative charge and which did not affect the hemolytic activity.
Under the experimental conditions (35°C and the presence of some cellular requirements), spores can germinate, thus becoming more susceptible to the action of the toxic. The leakage from the germinating spores of the two Bacillus spp. under the effect of the glycinin and BS (100 µg/ml) was always higher than that produced by penicillin, which affects mainly the synthesis of the bacterial cell wall but not directly the previously synthesized cell walls.
Likewise, the observed greater and faster release of the UV absorbing materials, under the influence of glycinin and BS as compared to penicillin, may confirm a more direct disruptive action on the outer surface of the germinating spores in contrast to an indirect pathway in the case of penicillin (Andrews and Wise, 2002) . The observed higher leakage action of BS over glycinin is apparently due to its greater basic character and hydrophobic nature (German et al., 1982) promoting its direct interaction with the spore surface (Chen et al., 2010) .
The immediate action of applying glycinin and BS to the spore suspension resulted in very limited growth extents of the vegetative cells (p < 0.05) after 96-h incubation at 35°C, indicating a blocking action on the germination and vegetation processes. The substance action was nearly the same in the absence of the heat pretreatment indicating its effectiveness and independent mechanism. Applying solely the heat pretreatments was uniquely effective at the early stage, while their action totally vanished with time as some of the initially heat-affected germinating cells in the early stage (12-24 h) recovered at the subsequent final stage (48-96 h). The relatively higher germination rate of penicillintreated B. subtilis spores may probably be due to an acquired resistance (Andrews and Wise, 2002) , while less resistance was manifested by B. licheniformis. Both glycinin and BS can effectively be used to reduce spore germination, although their levels applied in this study were not sufficient to totally inactivate spore germination, which could recover after 7 days of incubation at 35°C.
A comparison of the influence of glycinin and BS on the whole bacterial mixture and the washed spore pellets after initially 2 hours of incubation showed only a slight difference indicating that the substance action starts very early, when the spores begin to germinate. The observed residual action of the substance on the pellets after its removal from the media confirms that the initial short time of contact between the substance and the spores (first 2 hours) was sufficient to allow adhesive interactions between them. The adhered substance was still acting after washing, giving rise to anti-germinating action during the entire subsequent period. Comparatively earlier recovery of spore germination in the case of the pellets, i.e. 4 days against 7 days in the case of the mixture, is probably due to the action of the unbound substance in the latter case. As a consequence, it can be concluded that bound and unbound substances participate in anti-germinating action and some unbound material may still be needed to inactivate the emerging germinating cells during extended storage. The failure of penicillin to achieve a suppressive action on germination in pellet form may originate from its incapability to adhere to the surface of the spores.
The observed larger size of the BS-treated spore is probably due to an increased penetration of liquid inside the spore following the adhesion of the substance on the spores' coats. The spotted torn cellular structures may indicate broken emergent vegetative cells. It can be envisioned that BS adhered on the spores' coats could readily impede the emergent germination.
Being a proteinaceous shell having an electron-dense outer layer (Ricca et al., 1997) , the sporaceous coat is negatively charged (Chen et al., 2010; Kuipers and Gruppen, 2008) , and, thus, is susceptible to the action of the positively-charged glycinin and BS. Since the BS component of glycinin has a greater cationic character than the mother molecule (glycinin), it would have a greater potential to interact with, and affect, the spore germination. These protein-spore coat interactions may represent the first step in the process of inactivating spore germination and impeding subsequent vegetation.
Spore germination during milk storage is influenced by both the preheating and the addition of BS or glycinin, and where the anti-germinating action of BS was always higher than that of glycinin. The big reduction in the vegetative cells (ca. 4-6 log), compared to the corresponding control, during 50 days of cold storage, refers to a potent anti-germinating action. Combining the addition of glycinin and BS with the traditional heat pretreatments can be a good strategy for impeding the germination of the contaminating spore in milk systems. The sole heat pretreatment has a limited and short-lived action, and this strategy can reinforce the hygienic precautions within the milk manufacturing units.
Conclusions
The complete prevention of the hemolytic activity of B. licheniformis spores by glycinin and BS stems from their suppressive action on spore germination based on their basicity and hydrophobicity. This conclusion is consolidated by the greater and faster release of UV absorbing materials from the spores of B. subtilis and B. licheniformis when treated with glycinin and BS as compared to a control. The reduction of spore germination by glycinin and BS is manifested by the complete absence of spore germination and vegetative growth during 96 h of incubation at 35°C. The impeding action of glycinin and BS on spore germination is quite evident and considerable, even in the absence of heat pretreatment. Relatively higher rates of spore germination in the case of penicillin are probably due to considerable acquired resistance. The results of light, and transmission electron microscopy confirmed the disruptive action of BS on spore structures, explaining its impeding action on spore germination. It is proposed that glycinin and BS can be used as a spore anti-germinating agent in food systems (milk) during cold storage.
